Abstract: By nature of conducting ions, transporting substrates and transducing signals, membrane channels, transporters and receptors are expected to exhibit intrinsic conformational dynamics. It is therefore of great interest and importance to understand the various properties of conformational dynamics acquired by these proteins, for example, the relative population of states, exchange rate, conformations of multiple states, and how small molecule ligands modulate the conformational exchange. Because small molecule binding to membrane proteins can be weak and/or dynamic, structural characterization of these effects is very challenging. This review describes several NMR studies of membrane protein dynamics, ligand-induced conformational rearrangements, and the effect of ligand binding on the equilibrium of conformational exchange. The functional significance of the observed phenomena is discussed.
Introduction
Universally appreciated as an extremely important class of biological molecules, membrane proteins (MP) have for a long time remained poorly understood from the structural perspective. By the turn of this century, only a handful of high resolution MP structures had been solved, as compared to thousands of water-soluble proteins. However, starting with a spectacular structure of the potassium channel, 1 scientists began making serious inroads into the unexplored territory of membrane protein structural space. The following years have been marked by an exponential growth of the number of MP structures. X-ray crystallography has proven to be the most productive technique, followed by electron microscopy and nuclear magnetic resonance (NMR) spectroscopy. The focus of this review will be on solution NMR that allows to study not only the structure of membrane proteins, but also their dynamic properties that scientists have come to recognize as critical for MP function. Examples of NMR-derived structures can now be found in all major functional groups of membrane proteins: enzymes, receptors, regulators, channels and transporters. [2] [3] [4] [5] [6] [7] [8] [9] [10] Solution NMR has benefited significantly from improvements both in spectroscopy (higher magnetic field, cryoprobe technology, and new pulse sequences) and protein biochemistry (new isotope labeling schemes and the use of more effective membrane mimetics).
A very attractive feature of solution NMR is that it allows one to probe protein structures in the state of dynamic equilibrium. For example, it is widely recognized that ion channels can exist in multiple conformations (closed, open, inactive, etc.) and that their functional properties can be characterized by transitions between these conformations. Because NMR allows one to measure conformational dynamics at residue-specific details, it is a valuable tool for understanding channel function from the dynamics point of view. Understanding the dynamic nature of MPs is also critical for our ability to develop small and large molecule drugs, as their action may depend on conformational specificity. Another important aspect of MP dynamics is physical availability of active conformations for structural interrogation. Despite being functionally very important, active states of many membrane proteins, such as GPCRs, are often weakly populated and therefore challenging to capture by crystallography or electron microscopy, whereas NMR is sensitive enough to detect population levels of just a few percent. 11, 12 Finally, because ligand binding can change the dynamic landscape of a protein, NMR is an excellent technique to probe subtle effects of ligands which do not necessarily lead to major conformational rearrangements, but can nevertheless affect the equilibrium and modulate protein function (e.g., allosteric modulation).
In this review, we discuss examples in which solution NMR applications provide new information on ligand binding and conformational exchange for a variety of membrane proteins with the focus on ion channels, transporters, and GPCRs. We first consider the use of NMR in the study of functionally relevant dynamics of MPs observed on different time scales. We then consider the effect of ligand binding on dynamics and the role of allostery in modulating conformational exchange. The last section of this review outlines some challenges presented to the researchers by the dynamic nature of traditional protein-detergent systems and emerging strategies for overcoming current limitations and allowing the study of MP dynamics in a more native-like environment.
NMR Studies of Conformational Dynamics

Dynamic properties of a potassium channel
In this section, we will consider several NMR studies of conformational dynamics at different time scales. As mentioned earlier, determination of tetrameric KcsA crystal structure marked the beginning of a new era in MP structural biology. In a series of NMR studies, Chill et al. have complemented previous crystallographic works with an investigation of KcsA dynamics. 13 Because KcsA remains tetrameric even in SDS detergent micelles, the first challenge the authors faced was to assign the backbone resonances in the 68 suggesting an increase in dynamics which may be required for ion conduction.
Slow conformational exchange in a multidrug transporter
Conformational exchange could be a general property of many channels and transporters and can be seen, perhaps, most clearly in the case of a bacterial transporter EmrE. EmrE of E. coli is a small multidrug resistance transporter capable of expelling polyaromatic cations from the cytoplasm via the antiporter mechanism: one cation per two protons.
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The cryo-EM and crystal structures of EmrE revealed an unusual topology-an antiparallel homodimer. 17, 18 According to a single-site alternating access model, the transport occurs as the dimer cycles between an inward-and an outward-facing state. To test this model, Morrison et al. investigated by NMR the conformational dynamics of EmrE in bicelles. 19 The model presumes that the conformational change occurs while the substrate is bound, therefore TPP 1 , a polyaromatic substrate was added to the NMR sample. This produced a 1 H-15 N TROSY spectrum with two sets of peaks. The authors performed a TROSY-selected ZZ-exchange experiments and observed the cross-peaks connecting amide peaks from the two sets, thus demonstrating that the protein slowly alternates between two conformations. The analysis of peak volume as a function of mixing time in the ZZ-exchange revealed equal population of the two states. This is in agreement with the antiparallel nature of the homodimer which implies that the states are related by a pseudotwofold symmetry and therefore have same energy. Mapping of NMR assignment onto the crystal structure revealed that the chemical exchange is wide spread and exchange measurements showed that interconversion occurs with a single frequency of 5 s 21 . The extent of conformational change can be inferred from overlaying the crystal structures of two subunits of the dimer. This agrees well with chemical shifts observed in the TROSY spectra for the two states, with largest shifts corresponding to the kinking of TM3 and shifting of TM4. In addition, paramagnetic broadening by gadolinium shows differential broadening for the two states precisely for residues from the loop and pore regions, as in each subunit they are expected to have conformationdependent exposure to water. The described NMR study was the first of its kind, demonstrating the mechanism of an antiparallel homodimeric transporter in membrane and at the same time validating the alternating access model.
Dynamic equilibrium in a bacterial porin
In the case of EmrE transporter, the antiparallel nature of the assembly meant that a single crystal structure yielded the information on both states of the transporter. Such a fortuitous situation is rare. generated NMR spectra of the reduced and oxidized state in DPC micelles and found that they are completely different and the change is reversible, 9 suggesting that the protein is functionally competent in this detergent [ Fig. 1(A) ]. To capture the structure of the reduced state, a Cys-less CcdA mutant was generated whose spectrum was found to be very similar to the spectrum of wild type in the presence of a reducing agent. The structure of the Cys-less mutant was solved using NOE-derived distance restraints and validated by PREs. The structure consists of six TM helices surrounding a broken horizontal helix on the periplasmic side, with the C118A mutation at the break dipping into the hydrophobic core of the protein [ Fig. 1(B) ]. The other mutation, C16A, appears in a loop region on the cytoplasmic side. Thus, in a reduced state, the two cysteines are as much as 20 Å apart. This suggests that a global conformational change is required to transition from the oxidized to the reduced state, consistent with dramatic spectral differences between the two conformations. As expected, the cytoplasm-facing C16 was more accessible for modification by a 5 kDa hydrophilic malPEG molecule than the buried C118. Interestingly, the former modification did not significantly alter the spectrum, whereas labeling of C118 caused a dramatic spectral broadening, pointing to the existence of structurally unstable excited state of the transporter, in which C116 moves towards the periplasm and interacts with the electron acceptor protein [ Fig. 1(C) ]. Although reduced CcdA exists in a ground state, it appears to sample the excited state, as could be inferred from the analysis of relative intensities of two TROSY peaks corresponding to the indole moiety of W115 in the vicinity of C118. Assuming that in its oxidized form CcdA has a ground and an excited state as well, its functional cycle can be described by a four-state model [ Fig aforementioned EmrE. In the case of CcdA, however, NMR data point to the existence of two excited states, in addition to two ground states.
Small Molecule Binding
MPs account for over half of the pharmaceutical drug targets 27 and are fueling the interest to methods that can provide structural information on MPdrug interaction for the development of more potent therapeutics. The versatility of solution NMR has been proven in studying protein-ligand interactions 28 and thus should be capitalized on for investigating drug binding to MPs. The simplest application is chemical shift titration. Since chemical shifts are exquisitely sensitive to small molecule binding, NMR titration can be applied to study even the weak binders, for example, with K D > 100 mM. Chemical shift perturbation is, however, an indirect indication of substrate binding because it can arise from physical proximity of the drug to the residues in question or from a binding-induced change in protein conformation or dynamics. A more accurate pinpointing of the drug binding site would thus require measurement of MP-drug NOEs, which, in turn, requires stronger binding affinity, for example, nM-
While NMR titration is a fast way to obtain binding information, caution needs to be taken to address several complications associated with membrane-mimetic media used for MP solubilization. First, many small molecule inhibitors are hydrophobic and preferentially partition into detergent micelles or lipid/detergent bicelles. In theory, this partitioning increases the local concentration of drug molecules available for MPs to bind. But, in real application, it is often mandatory to have a large excess of empty micelles or bicelles in order to keep the MP monodispersed at NMR friendly concentrations (>0.3 mM). Consequently, a large fraction of drug is sequestered by free micelles or bicelles. The hydrophobic partition potential of small molecules can be estimated using the octanol/water partition coefficient or predicted computationally (e.g., the Open Babel program 29 
Drug binding to viral ion channels
The adamantane compounds such as amantadine and rimantadine are known to inhibit multiple viroporin proteins. The amantadine (Symadine) or rimantadine (Flumadine), which inhibit proton conduction of the influenza A M2 channel, were the first licensed drugs for treating influenza infections. 31 Rimantadine has also been shown to inhibit the p7 channel encoded by the hepatitis C virus (HCV), though with lower efficacy. 32, 33 The same drug blocking two different channels from different viruses seemed fortuitous while raising an intriguing mechanistic question. The small and dynamic viral channels had presented serious challenges to structural biologists for decades. Finally, in 2008, solution NMR and crystallographic studies determined the atomic resolution structure of the TM domain of M2. 10, 34 In the case of the crystallographic study in the presence of amantadine, a drug density inside the channel near residue Ser31 was found, but at resolution of 3.5 Å , it was difficult to confirm the position of amantadine binding. 34 Subsequent solid-state NMR measurements of the TM domain in lipid bilayer showed that rimantadine indeed bound
Oxenoid and Chou to a site inside the pore 35 but still lacked sufficient structural restraints to pinpoint the precise mode of binding. By using a chimera protein construct that contained the N-terminal half of influenza A TM (residues 18-37) and the C-terminal half of influenza B TM domain (residues 20-34), 36 Pielak et al. eventually obtained by solution NMR a high resolution view of rimantadine binding. 37 This construct, named (AM2-BM2) TM , formed a channel that recapitulated essentially all known properties of proton conduction, drug binding, and drug resistance of the wild-type M2. 37 Upon titrating the (AM2-BM2) TM in DHPC micelles with rimantadine, a new set of NMR peaks emerged and they were highly distinct from the drug-free spectrum [ Fig. 2(A) ; left panel]. As a negative control, the chimera with the S31N mutation known to confer resistance was used, which did not show spectral changes upon the addition of rimantadine [ Fig. 2(A) N-edited NOESY spectrum was recorded using a sample in which (AM2-BM2) TM was 15 N-labeled and deuterated at the nonlabile sites and the detergent was also deuterated. In the presence of 50 mM rimantadine, about 60% of the chimeric channels were drug-bound and 40% unbound, as judged by the relative intensities of the NMR peaks. In this case, the NMR resonances of the drug-free population served as an internal negative control. NOE analysis immediately showed that amide protons of Ala30, Ser31, and Ile32 had intense NOE cross peaks to the adamantane CH 2 and CH protons, whereas the peaks of the unbound population did not [ Fig. 2(B) ]. In addition to backbone NOEs, 13 Cedited NOESY of uniformly 15 N-and 13 C-labeled protein was used for identifying NOEs between the protein methyl groups and the drug. The two sets of NOEs defined the rimantadine binding site inside the channel near residue positions 27-31: eight methyl groups of the M2 tetramer (two from each subunit: Val27 CH 3 , and Ala30 CH 3 ) together form an internal pocket into which the adamantane cage of the drug fits snuggly [ Fig. 2(C,D) ]. The binding site also provided explanations for the known resistance mutations. We note that the WT AM2 (residues 18-60) reconstituted in the same DHPC micelles under the same rimantadine concentration did not bind the drug inside the channel pore. 10 Hence, a detergent should not be assumed a priori as being denaturing or nondenaturing because its suitability as a membrane mimetic medium strongly depends on the protein or protein construct. In addition to blocking the influenza channel, rimantadine has also been shown to exert an inhibitory effect on the HCV p7 channel. 32, 33 The viroporin p7 has been pursued as a potential therapeutic target for drugs against HCV infection. 33, 38 It is a 63-residue protein that oligomerizes in membrane to form ion channels with cation selectivity. 32 ,39 p7 forms a 42 kDa hexamer that has a funnel-like architecture with six minimalist chains, each containing three helical segments, H1, H2, and H3 [ Fig. 3(A) ]. 6 The H1 and H2 helices of each monomer form the narrow and wide parts of the funnel, respectively, and the H3 helix wraps around the funnel from the outside. Ouyang et al. performed drug titration using the p7 from genotype 5a (p7 (5a)) reconstituted in DPC micelles. 6 To minimize the detergent effect on drug binding, the sample contained only 38 lM p7(5a) (monomer) and 3 mM DPC. Despite a low (by NMR standards) protein concentration, reasonably intense 1 H- 13 C HSQC spectra of the methyl groups could be recorded at various rimantadine concentrations. A simple titration showed a very large movement of Val25 [ Fig. 3(B) ], indicating fast exchange in drug binding, and data fitting yielded K D 96 mM. ITC of a similar sample showed K D 64 mM. 6 NMR titration of a micromolar sample was made possible by using the cryogenic NMR probe and the ALV-labeled protein ( 1 H-, 13 Clabeled at the methyl positions of Ala, Val, and Leu but otherwise deuterated, which removed the onebond 13 C-13 C J coupling to permit the use of the more sensitive regular 13 C evolution). NOE experiments similar to those described for M2 were performed here to define p7-drug interaction and they revealed that rimantadine was bound to six equivalent hydrophobic pockets (due to the sixfold symmetry of the channel) between the pore-forming and peripheral helices [ Fig. 3(A) ]. In each site, Leu52 and Leu56 from H3 of the i monomer, Val25 and Val26 from H2 of the i 1 2 monomer, and Phe20 from H2 of the i 1 3 monomer form a hydrophobic pocket that holds the adamantane cage of the drug.
Comparison of the rimantadine binding mode of HCV p7 to that of influenza M2 shows two fundamentally different mechanisms of drug inhibition [ Fig. 3(C) ]. In the case of M2, one drug binds to one channel. Drug binding inhibits proton transport by directly blocking the channel passage and by preventing channel from opening. In the case of p7, rimantadine is clearly too small to block the channel. Instead, up to six drug molecules bind to the equivalent sites outside of the channel cavity. Drug binding to these sites may inhibit cation conduction by an allosteric mechanism, possibly by stabilizing the closed state of the channel.
Substrate interaction with transporters
When NOE measurements cannot be performed to characterize small molecule binding, a titration based approach using paramagnetic probes can reveal an approximate location of the binding site. We show below examples of substrate binding by mitochondrial carriers, which are a large family of MPs that catalyze the movement of metabolites, nucleotides, and inorganic phosphates across the mitochondrial inner membrane. 40, 41 Mitochondrial carriers are relatively small compared to most transporters in the SoLute Carrier (SLC) group. The carriers generally have about 300 amino acids and can transport substrates as monomers. 42 Yet these relatively small scaffolds can afford selective transport of a large variety of substrates and can do so efficiently without disrupting the membrane potential. 43 Crystallography of mitochondrial carriers has been extremely slow, possibly due to the intrinsic conformational dynamics of these small transporters. The uncoupling protein 2 (UCP2), which belongs to the UCP subfamily of mitochondrial carriers, was the first carrier protein for which a solution NMR sample was developed. 44 The UCPs are characterized by their ability to transport protons using fatty acids (FA). [45] [46] [47] In the case of UCP1, this activity causes proton leak across the inner membrane and is primarily responsible for heat generation in brown fat. [48] [49] [50] [51] UCP-mediated proton transport can be blocked by purine nucleotides such as GDP. 52 UCP2 reconstituted in DPC/cardiolipin mixed micelles showed good NMR properties, for example, good resonance line-width, but spectral crowding due to threefold quasi symmetry precluded full-scale structure determination using NOEs. Instead, a low resolution backbone structure of UCP2 was derived using RDC-based molecular fragment searching and paramagnetic relaxation enhancement (PRE) restraints; 44 it showed a very similar fold to the AAC. In addition, the NMR system established for UCP2 provided a versatile platform for investigating the dynamic binding of free FA and GDP. Berardi et al. used paramagnetic analogs of substrate or inhibitor to obtain PRE restraints to characterize substrate or ligand binding. 53 Although
PREs are less precise, they can reveal proximal binding sites when NOEs cannot be obtained easily. For probing the FA (substrate) binding site in UCP2, the spin-labeled 5-doxyl-C18 FA (NO-FA) was used. Titration of NO-FA into UCP2 caused broadening of a small subset of backbone resonances, with the greatest PRE effects clustered around Gly281 on the lipid-facing side of the TM helix H6. In addition to the strongly broadened peaks, however, there were other regions that experienced weaker PRE due to partitioning of the long-chain FA in micelles, and it was not obvious which site was specific and functionally relevant. Interestingly, addition of GDP (inhibitor) to the sample containing UCP2 and NO-FA caused signal recovery of only certain residues while having little effect on the rest. Since GDP and FA had opposite effects on UCP2 activity, the region that showed peak recovery by GDP was proposed to be the functionally relevant FA binding site. Similarly, using nitroxide-labeled GDP (NO-GDP), it was shown by PRE measurements that GDP bound inside the polar cavity of UCP2. Together, the data showed that FA bound specifically to a peripheral site between TM helices H1 and H6 near the matrix side of UCP2 and that binding at this position was allosterically inhibited by the binding of GDP in the transporter central cavity. This rather qualitative structural information, obtained quickly by NMR, led to identification of critical mutations in UCP2 that abrogated FA or GDP binding. Testing these mutations in functional assays provided direct support for the previously proposed protonaphoretic mechanism: 54 UCPs catalyze the flipping of ionized FA partitioned in the membrane, which indirectly allows sustained shuttling of protons by FA across the membrane. 53 In another study of substrate binding to carriers, Run et Fig. 4(B,C) ]. As a negative control, Mn 21 alone was added and also caused broadening of peaks, but none of these peaks were responsive to the addition of either Asp361 to tyrosine completely removed selectivity for ATP-Mg 21 over ATP in SCaMC. 55 
Allosteric Modulation of Membrane Protein Dynamics by Ligand
Modulation of protein energy landscape by specific ligands has been a recognized phenomenon in protein science for over five decades, and only since about 15 years ago has this problem been pursued in depth for a broad spectrum of proteins, most of them being water-soluble proteins. 61 These advances were attributed largely to the emergence of methods that can investigate higher energy states of proteins that are only transiently visited, for example, single molecule biophysics techniques and NMR relaxation dispersion measurements. Having evolved to transport materials or transmit signals across the membrane barrier, MP structures are expected to encode conformational dynamics that can be modulated by substrates or ligands. We describe below several examples in which NMR probes of different time scales are used to investigate how small molecule binding alters interstate transition for solute transporters, ion channel, and GPCRs.
Substrate facilitates interstate conversion of solute transporters
The NMR study of EmrE described above in "NMR Studies of Conformational Dynamics" demonstrated the elegant use of NMR ZZ-exchange spectroscopy to reveal the slow interconversion (5 s 21 ) between the equally populated inward-and outward-facing states of the transporter when bound to the substrate TPP
1
. 19 In a follow-up to this work, Morrison et al.
used the same ZZ-exchange approach to investigate the influence of a variety of substrates (including those of the tetrahedral and planar scaffolds) on the exchange rate of EmrE. 62 They found that even within a limited set of seven substrates, the rate of interconversion between the inward-and outwardfacing states of EmrE varies by three orders of magnitude. 62 The results indicate that substrate can strongly influence the energy landscape of EmrE, that is, changing the energy barrier between inward-and outward-facing states. As mentioned earlier, EmrE has a pseudotwofold symmetry, consistent with equal population of the inward-and outward-facing states of the asymmetric homodimer. The solute transporters belonging to the large family of mitochondrial carriers have a threefold longitudinal quasi-symmetry (symmetry axis perpendicular to the membrane) instead of the more common twofold symmetry. 63 Thus, the carriers might utilize a yet unknown mechanism that couples substrate binding and conformational exchange. The ADP/ATP carrier (AAC) has been the model system for structural and mechanistic studies of mitochondrial carriers because it remains, to date, the only carrier protein for which a high resolution crystal structure is available. 64, 65 The crystal structure of AAC resembles an open-top barrel formed by three structurally similar domains in parallel orientation [ Fig. 5(A) ]. Each domain consists of two transmembrane helices separated by an amphipathic (AP) helix. The AAC crystal structure was obtained when the transporter was bound to the inhibitor CATR, and it represents the cytosolfacing open state (c-state) of the transporter as the cavity is only accessible from the intermembrane space. Other attempts to determine the structure of ligand-free AAC or the proposed matrix-facing open state (m-state) have not yet succeeded.
Br€ uschweiler and Yang et al. developed a sample of yeast AAC (yAAC3) reconstituted in DPC micelles which generated sufficiently high resolution spectrum when using deuterated protein and TROSY-based experiments [ Fig. 5(B) ]. The overall structural integrity of AAC in DPC micelles was demonstrated with NMR and isothermal titration calorimetry (ITC) of CATR binding. NMR titration of CATR showed a K D of 150 lM, and ITC experiment using an NMR sample with 15 and 40 times lower protein and detergent concentrations, respectively, yielded a K D of 20 lM. The larger K D measured by NMR compared to ITC for CATR and ADP was due to the increased detergent concentration, as CATR is hydrophobic and partitions in empty detergent micelles. The authors conducted relaxation dispersion measurements at three different magnetic field strengths (600, 700, and 800 MHz) for the transporter in three different states: the free form, in the presence of the substrate ADP, and in the presence of the inhibitor CATR. The presence of a second, less populated state in equilibrium with the major state of a protein would lead to line broadening of the major state NMR peaks, and this effect can be modulated by applying a train of 1808 radio-frequency (RF) pulses in the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence. 11, 12 The shape of the resulting relaxation dispersion curve depends on the population of the two states (p i ), the chemical shift difference (Dx), and the rate of state interconversion (k ex ).
11,12
For the free yAAC3, global CPMG fit yields K ex 870 6 200 s 21 and relative populations of 98.0 6 0.4% and 2.0 6 0.4% for the two states at equilibrium. Since the NMR spectrum of the free yAAC3 is very similar to that of the CATR-bound yAAC3, the major population should be in the cstate (or the ground state). The c-state transiently converts to a lowly populated excited state. The first interesting observation was that despite the threefold quasi-symmetry of the AAC structure, the residues that show significant exchange are asymmetrically distributed [ Fig. 5(C inhibitor to facilitate crystallization of AAC by making the protein less dynamic. In contrast to CATR, the substrate ADP increased the exchange rate from 870 6 200 to 1800 6 350 s
21
. The overall fast rate of exchange is compatible with AAC being a fast transporter (rate 400 s 21 observed in liposome assays 66 ). Although absolute exchange rates observed in detergent could have contained artifacts due to the transporter being in detergent micelles, the opposite modulation of the transporter rate by CATR and ADP should be qualitatively correct. This result suggests that the nucleotide substrate lowers the energy barrier between the c-and m-states probably by stabilizing the transition state between them.
Molecular wedge as viral ion channel blocker
As described in "Small Molecule Binding" above for the HCV p7 channel, the known inhibitor rimantadine binds to six equivalent peripheral pockets (due to the sixfold symmetry of the p7 hexamer) near the kink between the pore-forming helices H1 and H2, consisting of elements from different helical segments and from different subunits [ Fig. 3(A) ]. 6 Since the drug binding site is away from the narrow constriction of the channel, it was not clear how drug binding inhibited cation conduction through the pore. Dev et al. performed relaxation dispersion measurement on p7 channel in DPC micelles using 2D CPMG TROSY-HSQC experiment at 600 and 700 MHz. 67 They found that while most of the channel did not show relaxation dispersion, residues at the H1-H2 hinge (Phe19) and the narrow end of the cavity (Val7, Leu8) experienced chemical exchanges (K ex 1000 6 79 s 21 and 10% excited state). This data is consistent with movements of the H1 helices that cause the tip of the funnel to open and close. According to the structure, such movements would induce large changes in the chemical environment of the hinge and the tip of the channel [ Fig. 5(D) ].
More importantly, addition of rimantadine slowed down motion at the tip of the channel, as relaxation dispersion curve for Val7, which has significant chemical exchange in the apo state, is completely flat in the drug-bound state. The dispersion curve of Phe19 is also significantly flatter, and individual curve fit yielded K ex value of 67 6 182 s 21 . Clearly, rimantadine binding makes the channel less dynamic. An important property of the drug binding site is that it consists of elements from different helical segments and from different subunits. The rimantadine may thus act as a "molecular wedge" that prevents the dynamic "breathing" of the channel required for ion conduction [ Fig. 5(E) ].
l-opioid receptor: allosteric coupling between extracellular and intracellular domains
Allosteric modulation plays an important role in Gprotein coupled receptor activation and signaling specificity. 68 In a recent work, Sounier et al. employed NMR to probe allosteric interactions between different domains of the l-opioid receptor (lOR), a key player in pain management and drug addiction. 69 As many other GPCRs, lOR is activated by ligand binding in the extracellular pocket; the conformational change is then propagated to the cytoplasmic region where interaction with the heterotrimeric G-protein (in this case, an inhibitory G i ) initiates an intracellular signal transduction cascade. To analyze the activation signal propagation in lOR, the authors prepared a sample of lysine-dimethylated lOR in MNG detergent micelles. Lysine methylation has previously been shown to minimally perturb GPCR activity and to provide an excellent tool for the study of conformational change due to the favorable dynamic properties of fast rotating methyl groups. 70 Methylated lysine 13 C HMQC of lOR was assigned by the analysis of the effect of single amino acid mutations and proteolysis on the spectra. Binding of a high-affinity agonist BU72 alone or both BU72 and a G-protein mimicking nanobody Nb33 to lOR did not significantly affect the NMR signal from the extracellular lysines (extracellular loop 2, ECL2), suggesting little conformational change in that region. However, the effect on the intracellular region was more significant. Peaks corresponding to lysines of the transmembrane helix 6 (TM6) in the apo-state disappeared, while new peaks corresponding to TM6 in the active conformation appeared upon addition of both BU72 and Nb33, but not of the agonist alone. The latter points to a relatively modest effect of ligand binding on conformational change of TM6, suggesting that G-protein binding (here mimicked by Nb33) plays an important role in the stabilization of the outward orientation of helix 6, a hallmark of GPCR activation.
Interestingly, lysine signals from two other cytoplasmic regions-intracellular loop 1 (ICL1) and the C-terminal amphipathic helix (H8)-were substantially broadened by BU72 alone and completely disappeared after the addition of both BU72 and Nb33. These results lend further support to the model of activation in which a G-protein is required to complete receptor transition to the active conformation initiated by ligand binding. Also, the stronger effect of BU72 on ICL1 and H8 compared to its effect on TM5 and TM6 suggests that the signal first propagates from the ligand binding pocket to ICL1 and H8 that may be involved in the initial complex formation with the G-protein. Complex formation then causes conformational changes in TM5 and TM6 observed in structures of activated GPCRs, an intriguing mechanistic hypothesis that still requires experimental verification.
Conclusions and Future Directions
Collectively, the examples discussed in this review demonstrate that the use of existing solution NMR technologies can be quite effective in providing important insights into conformational dynamics and allostery of membrane channels, transporters, and receptors. The main challenge in these studies appeared to be the protein biochemistry needed to generate samples that are both active and amenable to multidimensional NMR experiments. One of the concerns surrounding solution NMR of membrane proteins has been the use of detergents with phosphocholine headgroups. The Foscholine detergents have been favored by NMR over detergents with sugar headgroups (widely used in crystallography) because they allow faster tumbling of the proteinmicelle complexes in water, which, in turn, is due to weaker hydration of Foscholine compared to Maltoside and thus lower viscous drag in solution. But the Foscholine detergents typically have stronger denaturing potential due to the zwitterionic nature of phosphocholine headgroups. One approach here could therefore be to decrease the amount of detergent needed for protein solubilization by designing dimeric versions of Foscholines in analogy to neopentyl glycols, such as MNG, that proved to be extremely efficient in solubilizing GPCRs in functional form. 71 Same detergent-limiting strategy can be applied to bicelle formulations by using diheptanoyl phosphocholine with a tenfold lower CMC, as compared to the more conventional dihexanoyl. 72 As a completely detergent-free alternative, lipid nanodiscs have been developed as an attractive mimetic of native membranes 73 and small size nanodiscs have recently been developed to increase the molecular tumbling rate and improve the quality of the spectra. 74 Another major technical challenge comes from the fact that many membrane channels, transporters and receptors show very inhomogeneous NMR resonance line-widths due to chemical exchange broadening, which is consistent with the dynamic nature of these membrane proteins. Therefore, spectroscopic approaches to minimize the adverse effect of chemical exchange on NMR spectra would significantly empower NMR applications to membrane protein.
For example, the use of direct 15 N or 13 C detection 75, 76 could potentially circumvent exchange broadening due to protons and complement conventional NMR by providing measurements for protein regions that have not been routinely analyzed by NMR. All these technological developments promise to greatly enhance solution NMR capability to provide a detailed view of functional dynamics of membrane embedded channels, transporters and receptors.
